Liver receptor homolog-1 (LRH-1) is a conserved member of the NR5A subfamily in vertebrates and a potential regulator of estrogen synthesis in the ovarian granulosa cells. An Lrh-1 homologue was obtained from the orange-spotted grouper Epinephelus coioides that contains the conserved structural features of NR5A and is phylogenetically closely related to NR5A2. The expression of the orange-spotted grouper Lrh-1 is tissue-specific with relatively higher levels in the liver and ovary. The immunoreactive signals for Lrh-1 and Cyp19a1a were present in the ovarian follicular cells and germ cells. In the ovarian follicular cells, Lrh-1 was present both in the nucleus and cytoplasm, and colocalized with Cyp19a1a. The expression levels of both increased during vitellogenesis whereas only Cyp19a1a dramatically decreased toward maturation when Lrh-1 was localized almost exclusively to the cytoplasm of the follicular cells. The orange-spotted grouper Lrh-1 could upregulate cyp19a1a transcription in vitro via the two conserved Ftz-f1 sites in cyp19a1a promoter. Chromatin immunoprecipitation analysis showed that the orange-spotted grouper Lrh-1 could bind cyp19a1a promoter in vivo with a higher abundance in the vitellogenic ovary, whereas the binding was dramatically decreased in the mature ovary. Taken together, the results of present study demonstrate that Lrh-1 plays an important role in up-regulating cyp19a1a gene in the ovarian follicular cells during vitellogenesis, and the sequestration of Lrh-1 to the cytoplasm may down-regulate cyp19a1a expression in the mature ovary. This mechanism for modifying transcriptional roles of the orange-spotted grouper Lrh-1 may shed new light on the regulation of Cyp19a1 expression in other vertebrates as well.
INTRODUCTION
Aromatase, encoded by Cyp19a1 [1] , catalyzes the conversion of androgens into estrogens, which are crucial for female reproduction of mammals [2] and other vertebrates, including teleosts [3] . In the neonatal rat developing ovary, the expression of aromatase activity was stage-dependent, peaking between 8 and 12 days of life and returning to low levels by Day 20 [4] , and coincided with the highly increased serum estradiol levels observed in newborn female rats on Days 9-21 [5] . In agreement, Cyp19a1 expression progressively increased in the granulosa cell layer of both preantral and small antral follicles in infantile ovaries, but was not detectable in growing follicles of 21-day-old rats in which Cyp19a1 expression is confined to healthy large antral follicles during the initial follicular waves [6] . The initial increase of aromatase activity and Cyp19a1 expression in neonatal rat ovaries is possibly due to the influence of vasoactive intestinal peptide and gonadotropins [4, 6] , but the molecular mechanisms underlying its down-regulation in the neonatal rat ovaries (particularly the growing follicles) at later stages remain to be elucidated [6] . In teleosts, cyp19a1a is predominantly expressed in the ovary [7] . The aromatase activity in ovarian granulosa cells of amago salmon [8] and cyp19a1a mRNA levels in ovarian follicles of red seabream [3] and zebrafish [9] were increased progressively during vitellogenesis but decreased abruptly at the postvitellogenic period. However, the molecular basis for the decrease of cyp19a1a expression is not clear.
Among the cis-elements in the Cyp19a1 promoter directing its expression in the ovary, the SF-1/AD4BP binding site is conserved across vertebrates [10] to which FTZ-F1 (NR5A) homologues may bind. The NR5A subfamily in vertebrates comprises four members, NR5A1-NR5A4 [11] . In mammals, two closely related FTZ-F1 homologues, namely SF-1 (NR5A1) and LRH-1 (NR5A2), have been identified [11] . In addition to SF-1, LRH-1 was also shown to bind this site in the Cyp19a1 gene [12] , and both are expressed in granulosa cells [13] . Whether SF-1 or LRH-1 or both are important for the activation of Cyp19a1 expression in ovarian granulosa cells in mammals remains under debate currently [2] . In teleosts, members of Nr5a subfamily, including mdFtz-f1 (Nr5a4) in medaka [14] , Ad4bp/Sf-1 (Nr5a4) in tilapia [15, 16] , and rtFtzf1 (Nr5a2) in rainbow trout [17] , were shown to bind the Ftz-f1 sites in the cyp19a1a gene and activate cyp19a1a transcription in vitro. The expression of ad4bp/sf-1 and cyp19a1a was colocalized in the granulosa cells of vitellogenic ovary in tilapia [16] . These results suggest that Nr5a homologues are potentially involved in the transcriptional regulation of cyp19a1a in the ovarian follicles of teleosts.
The orange-spotted grouper, Epinephelus coioides, is a protogynous hermaphroditic teleost and a favorite marine food fish in Southeast Asia. Our previous study showed that the orange-spotted grouper cyp19a1a promoter had two conserved Ftz-f1 binding sites, which could mediate the activation of cyp19a1a promoter by Ftz-f1 homologues [18] . However, a previously isolated Ftz-f1 homologue (Nr5a4) from the orangespotted grouper [19] could not activate cyp19a1a transcription in vitro [18] . In the present study, a Lrh-1 homologue is isolated from the orange-spotted grouper, and its possible involvement in the regulation of cyp19a1a in the ovary is explored. Our data indicate that Lrh-1 in the ovarian follicle is involved in the up-regulation of cyp19a1a during vitellogenesis, and its cytoplasmic rather than nuclear localization in the follicular cells of the postvitellogenic oocytes may cause the down-regulation of cyp19a1a expression in the mature ovary of the orange-spotted grouper. This mechanism modifying Lrh-1 action in the orange-spotted grouper may shed new light on the study of Cyp19a1 regulation in the ovaries of other vertebrates.
MATERIALS AND METHODS

Experimental Animals and Tissues
The female orange-spotted groupers (n ¼ ' 50; body weight, 0.5-2.5 kg) were obtained from Guangdong Daya Bay Fishery Development Center. Fishes were sacrificed by decapitation, and tissues were dissected out, frozen immediately in liquid nitrogen, and stored at À808C until RNA extraction, Western blot, or chromatin immunoprecipitation (ChIP) analysis. The ovarian tissues for histology and immunohistochemistry (IHC) were fixed in Bouin solution for 24 h and stored in 70% ethanol until processing. The gonadal developmental stages were verified by histological examination according to our previous work [20] . All the procedures and investigations were reviewed and approved by the Animal Research and Ethics Committees of Sun Yat-Sen University and were performed in accordance with the guidelines of the committee.
RNA Extraction
Total RNA was isolated from frozen tissues using TRIzol (Invitrogen), and quantified based on the absorbance at 260 nm. Integrity of the RNA was checked by agarose gel electrophoresis.
Cloning of the Orange-Spotted Grouper lrh-1 cDNA
The ovary cDNA was transcribed from the orange-spotted grouper ovary total RNA with the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer's instructions using adapter primer (AP). An initial cDNA fragment of 0.3 kb was generated from the ovary cDNA by PCR using the primers QLRH-F1 and QLRH-R1, which shared high homology with medaka Lrh-1 (ABA01329) by blastp analysis. Then the 3 0 and 5 0 ends of lrh-1 cDNA were obtained with the rapid amplification of cDNA ends (RACE) method by nested PCR; details are provided in Supplemental Materials and Methods (all the Supplemental Data is available online at www. biolreprod.org). The sequences of primers used were listed in Supplemental Table S1 ; the sequences of all the sense and antisense oligonucleotides are shown in Supplemental Table S2 . The orange-spotted grouper lrh-1 sequence was deposited into GenBank with accession number KF990049.
RT-PCR Analysis of lrh-1 mRNA Tissue Patterns
Total RNA samples isolated from tissues were first treated with DNase I (1 unit/ll) to remove any genomic DNA contamination. Then 1 lg total RNA was reverse transcribed with oligo (dT) 18 primers using the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer's instruction. The integrity of all the RNA samples was verified by the successful amplification of actb (actin, beta; AY510710).
The first-strand reaction (0.25 ll) was amplified for each target gene using the TGRADIENT thermocycler (Biometra GmbH). PCR was performed in a 25-ll final volume containing 2.5 ll 103Taq buffer, 2.0 mM MgCl 2 , 0.2 mM dNTP, 0.4 lM of each primer, and 1.25 units Taq DNA Polymerase (Fermentas). The primers were EcLRH1a-RTF1 and EcLRH1a-RTR1 for lrh-1, and Ecbactin-RT-F1 and Ecbactin-RT-R1 for actb (AY510710), which generated PCR fragments of 0.3 and 0.7 kb, respectively. The sequences of the primers are listed in Supplemental Table S1 .
Plasmid Construction
The orange-spotted grouper cyp19a1a promoter reporter plasmids were constructed in our previous study [18] . The cDNA fragment encoding the orange-spotted grouper Lrh-1 was amplified with primers EcLRH1-F and EcLRH1a-R1, and inserted into pcDNA3.0 vector between EcoR I and Xho I restriction sites to generate the Lrh-1 expression construct. The sequences of these primers are listed in Supplemental Table S1 . PCR amplification was carried out with Primestar high-fidelity Taq DNA polymerase (Takara Bio Inc.), and the construct was sequenced in both directions to confirm the authenticity of the sequence.
Cell Culture, Transient Transfection, and Luciferase Assay TM4 cells were grown in DMEM/F12 (Gibco) containing 2.5% fetal bovine serum (Gibco) and 5% horse serum (Gibco). All the cell culture media contained 1 mg/ml penicillin-streptomycin (Gibco), and cells were maintained at 378C in a humidified incubator under 5% CO 2 . TM4 cell line was chosen in the present study based on our previous report [18] .
Plasmids for transfection were prepared from overnight bacteria culture using PureLink HI-Pure Plasmid DNA Purification Kit (Invitrogen) according to the manufacturer's protocol. At 24 h prior to transfection, cells were plated to 24-well plates (10 5 cells/well), and transiently cotransfected with promoter reporter vectors and an internal control vector pRL-TK using 1 ll/well Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. The amounts of vectors used were specified in the figure legends. The transfection medium was replaced with fresh medium without antibiotics 4 h later, and luciferase activities were measured 48 h later.
Each transfection reaction was carried out in triplicate, and the experiments were repeated at least three times. The Firefly and Renilla luciferase activities were measured for each sample using Dual-Luciferase Reporter Assay System (Promega Life Science). The Firefly luciferase data were corrected for transfection efficiencies with Renilla luciferase activities.
Generation of Polyclonal Antiserum Against the OrangeSpotted Grouper Lrh-1 and Cyp19a1a
The cDNA sequences encoding a segment of the orange-spotted grouper Lrh-1 (amino acids residues 172-288, Lrh-1 antigen) and Cyp19a1a (amino acids residues 173-295, Cyp19a1a antigen; AAR97601.1) were amplified using gene-specific primer sets pET-EcLRH1-F/pET-EcLRH1-R and pETcyp19a1a-F/pET-cyp19a1a-R, respectively. The sequences of the primers were listed in Supplemental Table S1 . The cDNA fragments were subcloned into expression vector pET-32a via Nco I and BamH I sites, and expressed in the host Escherichia coli BL21 (DE3) as TRX fusion proteins by the induction of isopropyl b-D-1-thiogalactopyranoside. The recombinant Cyp19a1a antigen was gel purified from the inclusion bodies, while the Lrh-1 antigen was purified first by His Bind Purification Kit (Novagen, Merck KGaA) and then further by SDS-PAGE. The purified antigens were used to immunize rabbits and BALB/c mouse as previously reported [21] .
The full open reading frames encoding the orange-spotted grouper Lrh-1, Sf-1 (AGS38343.1), and Cyp19a1a were amplified with primer sets pETEcLRH1-F1/pET-EcLRH1-R1, pET-EcSF1-F1/pET-EcSF1-R1, and pET15b-cyp19a1a-F/pET15b-cyp19a1a-R, respectively, and cloned into the expression vector pET-15b. The recombinant full-length Lrh-1 and Sf-1 were obtained as described above and used as the positive and negative control, respectively, in Western blot analysis to examine the specificity of anti-Lrh-1 antiserum. The cDNA sequence encoding amino acid residues 156-283 of Cyp19a1b (Cyp19a1b antigen, the correspondingly aligned region with Cyp19a1a; AAR97602.1) was also amplified with primer set pET-cyp19a1b-F and pETcyp19a1b-R and processed as above, which was used as a negative control in Western blot analysis for the specificity of anti-Cyp19a1a antiserum.
Western Blot Analysis
The tissue homogenates (500 lg) were separated on a 12% SDS-PAGE gel and transferred to a methanol-activated polyvinylidene difluoride membrane (Millipore) by electroblotting. The membrane was then blocked with 5% nonfat milk powder in 10 mM PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 nM KH 2 PO 4 ) at 48C overnight.The anti-Lrh-1 or anti-Cyp19a1a antiserum was preadsorbed for 4 h at 48C with extracts of E. coli BL21 (DE3) bacteria that were transformed with the empty vector pET-32a and induced by isopropyl b-D-1-thiogalactopyranoside. As a negative control for the specificity, the anti-Lrh-1 antiserum and anti-Cyp19a1a antiserum were further preadsorbed with recombinant full-length Lrh-1 and Cyp19a1a, respectively. The blocked membrane was then incubated with the preadsorbed anti-Lrh-1 or LU ET AL.
anti-Cyp19a1a antiserum (1:500), or anti-ACTB (actin, beta) monoclonal antibody (1:500, 60008-1-Ig; ProteinTech Group, Inc.) in blocking solution (5% nonfat milk powder in 10 mM PBS) at room temperature for 2 h, washed with PBS for 5 min three times, and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG) (1:1000; Jackson ImmunoResearch Laboratories, Inc.) for 1 h at room temperature. After three 10-min final washes with PBS, the membranes were exposed to a chemiluminescence substrate (ECL; Applygen Technologies Inc.) according to the manufacturer's instructions.
Single IHC
The method was modified from a protocol used in our previous study [21] . The ovarian sections (6 lm) were deparaffinized, hydrated, and incubated with 3% hydrogen peroxide solution to quench the endogenous peroxidase activity, followed by antigen retrieval in 10 mM citrate buffer (pH 6.0) at 958C for 15 min and blocking in 0.01 M PBS containing 10% normal goat serum for 30 min at room temperature. Then the sections were incubated sequentially with the primary rabbit anti-Lrh-1 (1:300) or rabbit anti-Cyp19a1a (1:200) antiserum, and the second antibody (HRP-conjugated goat anti-rabbit IgG, 1:1000 dilution; Jackson ImmunoResearch Laboratories, Inc.) solution. After rinsing with PBS, the sections were developed with 3,3 0 -diaminobenzidine (DAB), mounted, examined with Axio Observer Z1 microscope (Carl Zeiss), and digitally photographed.
The immunoreactive levels of Lrh-1 and Cyp19a1a in the follicular cells were analyzed with the Image Pro Plus software (Media Cybernetics, Inc.) in a way similar to a previous report [22] . All the photoimages for analysis were taken under the same conditions. Briefly, the follicular cell layer surrounding an oocyte was defined as the region of interest (ROI). For each ROI, the Lrh-1 and Cyp19a1a expression was shown as DAB staining in the follicular cell layer. Within the follicular cell layer, the sum integrated optical density (IOD) value of DAB staining and area of total follicular cell layer were calculated using the Count and Measure tools of Image Pro Plus software. The mean density for Lrh-1 or Cyp19a1a in each ROI, which corresponds to the immunoreactive level, was defined as the sum IOD divided by the sum area of the follicular cell layer. The measurement for each fish was based on 10 follicles randomly selected from five sections at an interval of about 450 lm, and three fish samples were analyzed for each ovarian development stage. The data are presented as means 6 SEM (n ¼ 3).
To confirm the specificity of the immunostaining, control sections were incubated with the primary antiserum (in its working dilution) preadsorbed with an excess of recombinant full-length Lrh-1 or full-length Cyp19a1a proteins. Additional negative controls included replacement of the primary antiserum with PBS or preimmune serum and the omission of secondary antibody.
Double IHC
Double IHC was performed as described previously [21] . Briefly, deparaffinized sections were boiled for 15 min in 10 mM sodium citrate buffer (pH 6.0) for antigen retrieval and blocked in 0.01 M PBS containing 10% normal goat serum for 30 min at room temperature. The blocked sections were then incubated in a primary antiserum mixture of mouse anti-Lrh-1 (1:200) and rabbit anti-Cyp19a1a (1:200) overnight at 48C. After rinsing with PBS for 10 min, the sections were exposed to the secondary antibody, a mixture of Cy3-labeled goat anti-mouse IgG heavy plus light chains (HþL) (1:200, A0521; Beyotime) and fluorescein isothiocyanate-conjugated goat anti-rabbit IgG HþL (1:100; Jackson ImmunoResearch Laboratories, Inc.) for 2 h. After washing three times in PBS for 10 min, the sections were counterstained with 5 lg/ml 2-(4-amidinopheny)-6-indolecarbamidine (DAPI) (Beyotime), a nuclear counterstain, for 20 min at room temperature. After rinsing with PBS for 10 min, the sections were coverslipped using an antifade fluorescent mounting medium (Beyotime) and stored in the dark at 48C. The stained sections were examined with a Zeiss LSM 7 Duo NLO laser scanning confocal microscope (Carl Zeiss). The photographs taken from each photomultiplier were subsequently merged so that the different-colored labels could be visualized simultaneously.
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay was performed to examine the binding of Lrh-1 to cyp19a1a promoter using the nuclear extracts from COS-7 cells transfected with Lrh-1 expression vector pcDNA3.0-EcLRH-1 or empty expression vector. The oligonucleotide probes for cyp19a1a promoter were end-labeled with [a-32 P] dCTP, and incubated with nuclear extracts from COS-7 cells. The reaction mixtures were separated on a 5% nondenaturing polyacrylamide gel, and the blots were exposed to a phosphor storage screen (Amersham Biosciences) and visualized with a Typhoon 8600 Variable Mode Imager (Molecular Dynamics). The details are provided in Supplemental Materials and Methods.
ChIP Assay
ChIP assays were performed with an EZ ChIP assay kit (Millipore) by following the manufacturer's protocol with minor modifications for the tissues of orange-spotted grouper. The ovary or liver tissue was crushed to powder in liquid nitrogen, and about 1 g of tissue powder was put into 10 ml of PBS buffer containing protease inhibitors (5 mg/ml phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 5 mg/ml pepstatin) and fixed in 1% (v/v) formaldehyde for 15 min. Then the tissue powder was homogenized in PBS with a Dounce homogenizer on ice. The resulting cell suspension was centrifuged, washed twice, and resuspended in cell lysis buffer (100 mM Tris, pH 8.1, 100 mM NaCl, 0.1% NP-400) containing protease inhibitors to release the nuclei. The released nuclei were pelleted and resuspended in nuclei lysis buffer (1% SDS Table S1 ). The PCR products were separated on 2% agarose gels and visualized by staining with ethidium bromide.
The abundance of the IP cyp19a1a promoter target fragment was further quantified by real-time PCR with primers CYP19A1PF6 and CYP19A1PR2 (Supplemental Table S1 ) using SYBR Green Master Mix (TOYOBO) in a iQ5 thermocycler (Bio-Rad Laboratories, Inc.) and analyzed in the way similar to a previous report [23] . Briefly, Ct value of each target-specific IP DNA was normalized to that of input DNA (1%) in the same quantitative PCR assay (DCt) to account for differences in chromatin sample preparation. The level of enrichment was calculated by dividing the normalized quantity from the mock IP control using IgG. The average of three independent samples was presented as mean 6 SEM (n ¼ 3).
Statistical Analysis
Data were analyzed by one-way ANOVA followed by the Tukey multiple comparison test except as specified in the figure legend, using the SPSS17.0 software (SPSS, Inc.). Significance was set at P , 0.05.
RESULTS
Sequence Analysis of the Orange-Spotted Grouper Lrh-1
The orange-spotted grouper lrh-1 cDNA (KF990049) was isolated from the ovary by PCR cloning, which spanned 1905 bp and contained an open reading frame encoding a putative protein of 489 amino acids. The orange-spotted grouper Lrh-1 homologue shared the typical structures of the nuclear receptor of Nr5a subfamily (Supplemental Fig. S1 ), namely the conserved DNA-binding regions (I and Ftz-f1 box), ligandbinding regions (II and III), the activation function-2 (AF-2) hexamer, and two nuclear localization sequences (amino acid residues 24 to ;75 for NLS1 and 76 to ;111 for NLS2) as in the rat [24] . Phylogenetic analysis categorized the orangespotted grouper Lrh-1 homologue to the Nr5a2 subfamily (Supplemental Fig. S2 ).
Tissue Patterns of Lrh-1 Expression Are Conserved in the Orange-Spotted Grouper
The semiquantitative RT-PCR showed that the expression of lrh-1 was tissues-specific, with relatively higher levels in the liver, mesencephalon, hypothalamus, ovary, intestines, fat, and blood, relatively lower levels in the medulla oblongata, thymus gland, and head kidney, very low levels in the olfactory bulb, (Fig. 1) .
The anti-grouper Lrh-1 antiserum and anti-grouper Cyp19a1a antiserum generated in the present study were shown to specifically recognize Lrh-1 (Supplemental Fig. S3A ) and Cyp19a1a (Supplemental Fig. S3C) , respectively, by Western blot analysis. Lrh-1 protein was expressed at higher levels in the liver and ovary, and at lower levels in the blood and thymus gland, but not in the spleen and muscle of the orange-spotted grouper ( Fig. 2A) . Cyp19a1a protein was expressed at a higher level in the ovary and at a lower level in the spleen, but not in the liver, blood, thymus gland, and muscle (Fig. 2C) . Preabsorption of the anti-grouper Lrh-1 or anti-grouper Cyp19a1a antiserum by excessive recombinant Lrh-1 (the full-length polypeptide; Fig. 2B ) or recombinant Cyp19a1a (the full-length polypeptide; Fig. 2D ) abolished the immunoreactive signals in tissue homogenates, further confirming the specificity of the antiserum generated.
Lrh-1 Was Present in the Cytoplasm Together with Cyp19a1a and in the Nucleus of Ovarian Follicular Cells During Vitellogenesis but Localized Cytoplasmically at the Mature Stage
Immunohistochemistry was performed to examine the expression of Lrh-1 and Cyp19a1a in the ovary of the orange-spotted grouper during ovarian development. Lrh-1 immunostaining was present in germ cells at all the developmental stages except oogonia and in follicular cells (Fig. 3, A-D) . The preabsorption of anti-Lrh-1 antiserum with recombinant full-length Lrh-1 abolished the immunoreactive signals (Supplemental Fig. S4, A-D) . At the primary-growth stage, immunoreactive Lrh-1 signals were present predominantly in the cytoplasm of germ cells (Fig. 3A) . At the corticalalveolus stage, immunoreactive Lrh-1 signals were present at high levels in the nucleus and cytoplasm of germ cells, and also obviously in the surrounding follicular cells (Fig. 3B) . At the vitellogenic stage, immunoreactive Lrh-1 signals were present predominantly in the nucleus of germ cell and also significantly in the surrounding follicular cells (Fig. 3C) . By the mature stage, immunoreactive Lrh-1 signals were localized in the cytoplasm of mature oocytes and the surrounding follicular cells (Fig. 3D) . During the ovarian development, Lrh-1 immunostaining in the follicular cells was increased from the cortical-alveolus stage to the vitellogenic stage and then remained at a similar level at the mature stage (Fig. 4) .
Immunoreactive Cyp19a1a signals were shown to be present both in germ cells and follicular cells (Fig. 3, E-H) . The preabsorption of anti-Cyp19a1a antiserum with recombinant full-length Cyp19a1a abolished the immunoreactive signals (Supplemental Fig. S4, E-H) . At the primary-growth stage, immunoreactive Cyp19a1a signals were observed in the perinuclear regions of oogonia and primary growth oocytes, and also in the cytoplasm of more advanced primary growth oocytes (Fig. 3E) . At the cortical-alveolus stage, immunoreactive Cyp19a1a signals were observed in the cytoplasm and nucleus of oocytes as well as in the surrounding follicular cells (Fig. 3F) . At the vitellogenic stage, immunoreactive Cyp19a1a signals were barely detectable in germ cells but were observed at significantly higher levels in the surrounding follicular cells (Figs. 3G and 4) . By the mature stage, immunoreactive Cyp19a1a signals were almost absent in germ cells and dramatically decreased in the surrounding follicular cells (Figs.  3H and 4) .
The subcellular localization of Lrh-1 and Cyp19a1a in the follicular cells were examined in the vitellogenic and mature ovary with double fluorescent IHC (Fig. 5) . In the vitellogenic ovary, immunoreactive Cyp19a1a signals were observed in the cytoplasm of follicular cells that did not overlap with the nucleus as stained blue by DAPI (Fig. 5A) . Immunoreactive Lrh-1 signals were present obviously both in the cytoplasm and nucleus of follicular cells (Fig. 5B) . In the cytoplasm of follicular cells, immunoreactive Lrh-1 and Cyp19a1a signals overlapped (Fig. 5C ). In the follicular cells surrounding the mature oocytes, conversely, immunoreactive Lrh-1 signals were observed almost exclusively in the cytoplasm but barely detectable in the nucleus (Fig. 5, E and F) .
Lrh-1 Activated cyp19a1a Promoter via Ftz-f1 Sites In Vitro
Lrh-1 activation of the orange-spotted grouper cyp19a1a transcription was examined on the proximal promoter (À246/ þ67 bp) reporter constructs in TM4 cells (Fig. 6) . Lrh-1 could up-regulate the activity of cyp19a1a wild-type promoter by 4-fold. This induction was significantly decreased by the mutation of either one of the two Ftz-f1 sites and almost abolished by the mutation of both sites. Moreover, gel-shift analysis showed that the orange-spotted grouper Lrh-1, which was produced in transfected COS-7 cells and confirmed by RT-PCR and Western blot analysis (Supplemental Fig. S5 ), could directly bind the two Ftz-f1 sites (Ftz-f1 I and Ftz-f1 II) of cyp19a1a promoter in vitro (Fig. 7) .
Lrh-1 Stage-Dependent Binding to cyp19a1a Promoter in the Ovary
ChIP was performed to analyze Lrh-1 binding to cyp19a1a promoter in vivo in the ovary (Fig. 8) . Lrh-1 bound to cyp19a1a promoter at a significantly higher level in the vitellogenic ovary than the mature ovary (Fig. 8, A and B) . In the latter case, Lrh-1 binding was barely detectable. As expected, RNA polymerase II was recruited to cyp19a1a promoter at a significantly higher level in the vitellogenic ovary than the mature (Fig. 8, A and B) . As cyp19a1a mRNA is not expressed in the liver [25] , Lrh-1 and RNA polymerase II did not bind to cyp19a1a promoter in the liver accordingly (Fig. 8A) .
DISCUSSION
The stringent regulation of Cyp19a1 expression is vital for the physiologically relevant production of estradiol in vertebrates. In mammalian ovarian granulosa cells, the expression of Cyp19a1 is primarily up-regulated by cAMP/PKA/CREB pathway [2] . In addition, orphan nuclear receptors in the NR5A subfamily such as SF-1 and LRH-1 may also activate the ovarian transcription of Cyp19a1 in mammals [2] as well as in teleosts [17, 26] . Although the transcription of Cyp19a1 may be repressed by forkhead box O1 (FOXO1) [2] and by epigenetic modifications in mammals [27, 28] and teleosts [10, 29] , the molecular mechanisms to down-regulate Cyp19a1 in ovarian granulosa cells remain largely unknown. Our present study in the orange-spotted grouper, a teleost fish, demonstrated for the first time that the transition of Lrh-1 cellular localization from the nucleus to the cytoplasm during the postvitellogenic period may down-regulate the expression of cyp19a1a in ovarian follicular cells.
The orange-spotted grouper Lrh-1 obtained contains the conserved structural features of orphan nuclear receptors in the Nr5a subfamily and is categorized as Nr5a2 together with LRH-1 of other vertebrates, including chicken and rat. In line LU ET AL.
with the tissue patterns of Lrh-1 expression in mammals [11] , the orange-spotted grouper lrh-1 mRNA is also highly expressed in the liver, intestine, stomach, and ovary. The abundant expression of lrh-1 in the liver and ovary is further confirmed at the protein level by Western blot analysis, suggesting that the orange-spotted grouper Lrh-1 may also have conserved roles in reverse cholesterol transport, bile acid homeostasis, and ovarian steroidogenesis as in mammals [11] .
LRH-1 was suggested to regulate CYP19A1 expression in human breast adipose tissues [30] and rat testis [31, 32] . In the ovarian granulosa cells, however, the roles of LRH-1 in CYP19A1 expression remain to be established because overexpression of LRH-1 increased CYP19A1 promoter activities in bovine granulosa cells [12] but did not enhance Cyp19a1 expression in rat granulosa cells [33] . Our present study showed that the orange-spotted grouper Lrh-1 could bind the two conserved Ftz-f1 sites and activate cyp19a1a transcription in vitro as in another teleost rainbow trout [17] . Furthermore, Lrh-1 and Cyp19a1a were coexpressed in the follicular cells, with parallel increases of immunoreactive levels from the cortical alveolus stage to vitellogenic stage. At the latter stage, Cyp19a1a is predominantly expressed in the follicular cells, and ChIP assay showed that Lrh-1 could bind cyp19a1a promoter abundantly in the ovary. These results indicated that Lrh-1 in the follicular cells plays important roles in up-regulating cyp19a1a expression during vitellogenesis. Admittedly, the involvement of other Nr5a members in the upregulation of cyp19a1a in the follicular cells of the orangespotted grouper could not be excluded at present, which needs further study.
As in zebrafish [9] and rainbow trout [34] , the expression levels of Cyp19a1a in the follicular cells were decreased significantly in the ovary of the orange-spotted grouper after vitellogenesis. Quite surprisingly, immunoreactive levels of Lrh-1 instead remained unchanged. Similar inconsistency between expression of Lrh-1 and Cyp19a1 was also observed in mouse prepubertal ovary where the signal for Lrh-1 was present in granulosa cells of follicles from the primary to antral stage while Cyp19a1 was expressed in all antral follicles [35] . Our present study using ChIP assay showed that both the binding of RNA polymerase II and Lrh-1 to the orange-spotted grouper cyp19a1a promoter was decreased significantly in the ovary at the mature stage, which is consistent with lower levels of follicular Cyp19a1a at this time. Interestingly, Lrh-1 immunoreactive signals were detected almost exclusively in the cytoplasm of the follicular cells at the mature stage, which is in striking contrast to the case at the vitellogenic stage when Lrh-1 immunoreactive signals were present in both the nucleus and cytoplasm. Accordingly, Lrh-1, although at high levels cytoplasmically, could not bind and activate cyp19a1a promoter in the follicular cells at the mature stage. Thus, the transition of Lrh-1 cellular localization from the nucleus to the cytoplasm abolishes the activation of cyp19a1a by Lrh-1 and related signals, and may represent an important mechanism for the down-regulation of cyp19a1a expression in the follicular cells of the mature ovary of the orange-spotted grouper and possibly other teleosts as well. It has been shown that disruption of the two nuclear localization signals (NLSs) in rat LRH-1 resulted in the cytoplasmic accumulation of LRH-1 [24] and phosphorylation of Ser72 by Akt within the putative NLS of Skp2 promoted its cytoplasmic translocation [36] . Because putative phosphorylation could be predicted at Tyr48 and Thr61 within NLS1 of the orange-spotted grouper Lrh-1 (with the online software NetPhos 2.0, for example), it is possible that modifications, most likely phosphorylation, of NLSs in the orange-spotted grouper Lrh-1 may also be involved in the cytoplasmic sequestration of Lrh-1 in the follicular cells of the mature ovary. What are the exact modifications and how they are controlled in the ovarian follicular cells of the orange-spotted grouper are worth further study.
In addition to the granulosa cells, signals for LRH-1 were present in the oocyte of primordial follicles except for the Lrh-1 REGULATION OF cyp19a1a EXPRESSION naked oocytes in the early postnatal ovary of mouse [37] . Similarly, the orange-spotted grouper Lrh-1 was also shown to be expressed in germ cells from the primary growth stage to the mature stage in the ovary, but barely detectable in oogonia. It is of interest to note that immunoreactive signals of Lrh-1 in the oocytes were predominantly in the cytoplasm but were faint in the nucleus at the primary growth stage; then the nuclear abundance of immunoreactive Lrh-1 increased dramatically from the cortical alveolus stage until the vitellogenic stage, suggesting that Lrh-1 may play important roles in the growth of oocytes possibly via activating gene expression within oocytes.
In agreement with previous reports that cyp19a1a mRNA was present abundantly in the oocyte at the early primary growth stage but barely detectable at later stages in killifish [38] and Japanese medaka [39] , the immunoreactive signals for orange-spotted grouper Cyp19a1a were relatively higher in the cytoplasm of ooctyes at the primary growth and cortical alveolus stages, but barely detectable at vitellogenic and mature stages. The barely detectable Cyp19a1a in the oocyte at vitellogenic and mature stages supports the ChIP results of the present study that mainly reflect the binding of Lrh-1 to cyp19a1a promoter in the follicular cells. An increase in Cyp19a1a immunostaining from the oogonia to the primary growth oocytes of the orange-spotted grouper is suggestive of its potential roles in the initiation of folliculogenesis. The opposite trends of immunoreactive levels of Lrh-1 in the nucleus and Cyp19a1a in the cytoplasm of the oocyte during vitellogenesis suggest that the expression of cyp19a1a in the oocyte is probably under the control of other transcription and mouse antiserum against Lrh-1(1:200) were used as primary antisera. The secondary antibodies were fluorescein isothiocyanate-labeled goat-antirabbit IgG for Cyp19a1a and Cy3-labeled goat-anti-mouse IgG for Lrh-1. DAPI was used to stain the nuclei blue. The images were observed and captured with a confocal microscope under the same conditions. The insets in A-C and F are higher magnification of the boxed areas within each image, respectively. The overlapping of red with blue or green color generated a purple or yellow color, respectively. Bar ¼ 10 lm.
FIG. 6 . Transcriptional activation of the orange-spotted grouper cyp19a1a proximal promoter (À246/þ67) by Lrh-1 in TM4 cells. Wild-type (wtFtz-f1) or Ftz-f1 site-mutated (mutFtz-f1) cyp19a1a promoter constructs (280 ng) were cotransfected with (cross-hatched bar) or without (white bar) grouper Lrh-1 expression vector (100 ng), and an internal control vector pRL-TK (20 ng/well) in TM4 cells. The total amount of plasmid was adjusted to 400 ng/ transfection using an empty expression vector (pcDNA3.0). The mutated Ftz-f1 site are indicated by an X; mutFtz-f1 I, the upstream site mutated; mutFtz-f1 II, the downstream site mutated; allmutFtz-f1, both sites mutated. The luciferase activities were measured 48 h after transfection. The relative luciferase activity was calculated by dividing the Firefly luciferase activity with the Renilla luciferase activity. Each bar represents mean 6 SEM (n ¼ 3). *P , 0.001 versus wild-type promoter; # significant difference (P , 0.001) observed with Lrh-1 overexpression; ns, P . 0.05 in response to grouper Lrh-1 overexpression.
Lrh-1 REGULATION OF cyp19a1a EXPRESSION factors than Lrh-1, which awaits further study. Unexpectedly, faint immunostaining for Cyp19a1a was observed in the nucleus of the oocyte at the cortical-alveolus stage in the orange-spotted grouper. Similarly, Cyp19a1 protein was also shown to localize to the nucleus of the gonocytes, spermatogonia, and pachytene spermatocytes in the testis of rat [32] . However, the significances of nuclear Cyp19a1 remain to be identified.
In summary, the results of the present study demonstrated that both Lrh-1 and Cyp19a1a are present in the ovarian somatic cells and germ cells, and may be involved in the folliculogenesis in the orange-spotted grouper. In the ovarian follicular cells, Lrh-1 up-regulated cyp19a1a expression during vitellogenesis, and the translocation of Lrh-1 from the nucleus to the cytoplasm may represent an important mechanism mediating down-regulation of cyp19a1a in the mature ovary of the orange-spotted grouper. This mechanism may shed new light on the regulation of cyp19a1 expression in the ovary of other vertebrates as well.
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FIG. 7.
Gel-shift analysis of grouper Lrh-1 binding to the potential Ftz-f1 sites in the orange-spotted grouper cyp19a1a promoter. The 32 P endlabeled double-stranded oligonucleotide probe containing a wild-type or mutated Ftz-f1-binding site was incubated with an nuclear extract of COS-7 cells transfected with the orange-spotted grouper Lrh-1 expression vector (Lrh-1) or empty expression vector (EV). Unlabeled wild-type (WT) or mutant (mut) probe was included in the reaction (3500 excess) as a competitor to verify the specific binding. The DNA-protein complexes were separated by electrophoresis on a 5% nondenaturing polyacrylamide gel, exposed to a phosphor storage screen (Amersham Biosciences), and visualized with a Typhoon 8600 Variable Mode Imager (Molecular Dynamics). I-WT: wild-type Ftz-f1 I probe; I-mut: mutated Ftz-f1 I probe; II-WT: wild-type Ftz-f1 II probe; II-mut: mutated Ftz-f1 II probe; À and þ indicate the absence and presence of the corresponding reagents in the reaction, respectively. FP, free probe without addition of nuclear extracts. The position of DNA probe-Lrh-1 complex is indicated by a black solid arrow.
FIG. 8.
ChIP analysis of Lrh-1 binding to the orange-spotted grouper cyp19a1a promoter in vivo. The DNA fragments were IP using specific antibodies against Lrh-1, RNA polymerase II, or normal mouse IgG, and analyzed with semiquantitative PCR (A) or real-time PCR (B). The semiquantitative PCR was performed with a primer set targeting the region À246/þ67 bp of cyp19a1a promoter, and PCR products were separated on 2.0% agarose gels and visualized by staining with ethidium bromide. The real-time PCR was performed with a primer set targeting the region À112/þ67 bp. The amount of IP chromatin DNA was normalized to the amount of input (1%) chromatin DNA, and the level of enrichment was calculated by dividing by the normalized quantity from the mock IP control using IgG. VO, vitellogonic stage ovary; MO, mature stage ovary; Li, liver performed as negative control of no cyp19a1a expression. Each bar represents mean 6 SEM (n ¼ 3). *P , 0.05, #P , 0.001 versus MO (independent sample t-test).
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